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Abstract 

When  the  motion  of  a  vehicle  includes  "shocks"  or 
Impulsive  velocity  changes,  R.M.S.  acceleration  has 
no  relation  to  crew  comfort  or  injury.  Existing 
(R.M.S.  "g")  mothods  of  ride  assessment  can  show 
lethal  accelerations  as  being  perfectly  safa.  They 
aro  also  said  to  be  invalid  whon  the  acceleration 
"crest  factor"  (poak/R.M.S.)  cxcoeds  3,  which  is 
often  the  case  fox  high-speed  marine  vehicles. 

This  paper  presents  methods  of  evading  these  dif¬ 
ficulties,  using  fairly  well  established  biodynamic 
modelling  techniques,  and  an  extension  of  Allen's 
"shock  tolerance"  concept.  Among  other  advantages, 
the  method  "automates"  the  assessment  of  ride  qual¬ 
ity,  so  that  personal  judgments  are  not  involved, 
and  the  relative  ride  quality  of  different  vehicles 
can  bo  placed  on  a  quantitative  basis. 

Summary 

A  key  requirement  for  a  meaningful  evaluation  Of 
any  new  marine  vchiclo  is  the  need  for  a  clear, 
unambiguous  definition  of  rldo  quality.  By  this 
we  mean  a  mouningful  measure  of  tho  "roughness"  of 
the  ride;  not  a  measure  of  each  crew  member's  per¬ 
formance  capability  under  specified  rido  conditions. 
No  such  definition  seems  to  exist  in  the  literaturo. 
The  best  known  sot  of  "allowables"  for  random  vi¬ 
bration,  ISO-236111]  specifically  excludes  acceler¬ 
ations  which  have  a  "crest  factor"  (CF  »  Peak/RMSj 
in  excess  of  3.0,  whoruas  naval  vehicles  may  ex¬ 
perience  crest  factors  in  excoss  of  10.  Moreover, 
ISO  is  concorncd  with  "safe"  accelerations  for  tho 
population  in  gonoral,  rather  than  a  presumably  fit 
and  woll-motivatod  Navy  crow.  Finally,  all  author¬ 
ities  seem  to  agree  that  ISO-2361  cannot  bo  used 
at  all  when  the  input  acceleration  contains  a  series 
of  "impacts"  or  "impulsive  velocity  change"  spikes. 
While  such  a  "spike"  may  be  injurious,  or  indoed 
lothal,  it  nood  not  bnvo  much  effect  on  tho  RMS 
acceleration.  And  li 's  the  RMS  acceleration  which 
Is  considered  in  the  1  SO- 2361  type  of  assessment. 

This  paper  dcscribos  a  method  of  assessing  the 
ride  quality  of  naval  vehicles  which  is  intended 
to  avoid  thoso  limitations,  and  establishes  two 
limits;  one  for  random  vibration  having  various 
degroes  of  severity,  and  one  for  impacts  or  "impul¬ 
sive  velocity  changes." 

Two  separato  indices  arc  proposed  in  this  paper 
to  designate  a  vehicle's  hnbitubility  for  a  given 
accclorution-timo  history.  Thoso  indices  aro: 

•  Vibration  Ride  Quality  Index  (VRQI) 

*  Impact  Ride  Quality  Index  (IKQI) 

The  proposed  limits  for  VRQI  arc  as  follows: 


ISO-2361  (For  Fre¬ 
quencies  Greater 

Than  1  Ms) 

Limit 

Description 

Nearest  Corresponding 
"Exposure  Limit" 

w 

Severe,  less 
than  1  hour 

o.s 

1  hour 

00 

Tolerable;  less 
than  1  hour 

0.2 

4  hours 

(C) 

Long-term, 

Severe 

0.2 

4  hours 

CD) 

Long-term, 

To  lor able 

0.1 

16  hours 

For  reference  purposes,  VRQI  *  2.3  would  roughly 
correspond  to  a  one-minute  endurance  limit  to  »inu- 

soidal  vibration,  as  determined  in  tho  laboratory 
(Appendix  I) . 

Impact  Ride  Quality  (IRQ!)  must  be  loss  than  unity 
to  meet  tho  proposod  limits,  and  a  time-domain  cal¬ 
culation  must  bo  carried  out  to  obtain  a  plot  of 
peak  force  exceedances  in  a  dynamic  model  against 
froquoney  of  occurrence,  This  "oxceodanco  plot" 
must  fall  bolow  an  "allowable  limit"  exceedance 
plot.  Tho  IRQI  is  a  measure  of  severity,  rolativo 
to  this  limit. 

While  it  i«  normal  to  bo  conservative  in  speci¬ 
fying  "allowables"  for  crews,  consoTvntism  can  bo 
extremely  expensive.  For  exnmplo,  roducing  allow¬ 
able  acceleration  by  301  might  doubla  tho  basic 
cost  of  o  vohiclo,  because  of  tho  increaso  in  site 
requirod. C27)  With  this  in  mind,  the  limits  de- 
finod  heroin  aro  deliberately  sovoro  by  generally 
accepted  standards.  It  is  hoped  that  work  will  be 
funded  to  compare  them  with  data  from  existing 
naval  vehicles,  with  u  view  to  modifying  tho  limits 
if  necessary.  But  it  is  anticipated  that  the  basic 
dynamic  models  will  not  be  changed  by  any  such  mod¬ 
ification;  only  the  limit  RQI  values. 

Introduction 

Despite  tho  amount  of  laboratory  rosearch  under¬ 
taken  in  tho  lost  three  decades,  tho  definition  of 
human  tolcranco  to  vibration  is  still  very  tenta¬ 
tive.  This  is  for  three  main  reasons: 

•  Mankind  is  very  variable,  and  even  an  indi¬ 
vidual  is  not  always  consistent. 

•  The  interaction  between  man's  comfort  or 
task  performance  and  his  acceleration  en¬ 
vironment  is  oxtromoly  complo*. 

•  Relatively  little  effort  has  been  devoted 
to  the  "ngl’>eer!n;!  prnhlem  of  estnhl  I  nhtne 
iuclunal  tolernnce  limits  tor  vehicles. 
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Tho  standarJ  by  which  all  other  limits  are  com- 
pared  is,  of  course,  ISO  2631  (*).  A  careful  rea¬ 
ding  of  this  standard,  and  the  various  commentaries 
upon  it  which  have  appeared,  shows  that  there  is 
still  a  long  way  to  go  before  a  reliable  and  con¬ 
sistent  set  of  limits  can  bo  established  for  naval 
vehicles.  It  is  the  purpose  of,  this  present  docu¬ 
ment  to  present  limits  which  are  at  least  consis¬ 
tent,  so  that  they  can  bo  applied  uniformly  und 
unambiguously,  even  though  the  limits  may  not  bo 
entirely  "correct"  in  an  absolute  sense. 

To  better  understand  the  problem,  it  may  be  help¬ 
ful  to  briefly  review  tho  history  of  an  analogous, 
.but  more  mature  problem;  that  of  human  toleranco  to 
short  periud  (pulse-type)  acceleration.  For  accel¬ 
eration  in  the  spinal  direction,  definition  of  ac¬ 
curate  tolerance  limits  is  of  critical  importance 
in  tho  design  of  aircraft  ejection  seats.  Thus  a 
great  deal  of  research  has  been  performed.  It  is 
also  a  simpler  problem  than  that  of  defining  vibra¬ 
tion  toleranco,  because  the  limit  or  "end  point"  - 
vertebral  fracture  -  is  known  and  fairly  well  un¬ 
derstood. 

Prior  to  about  i960,  the  defirition  of  human 
tolerance  to  short  period,  linour  acceleration  was 
poorly  organized.  The  various  "tolerance  curves" 
in  use  did  not  agree  with  each  other  and  sometimes 
led  to  incorrect  requirements  being  placed  on  the 
■designer.  For  oxample,  it  was  generally  thought  - 
quite  erroneously  -  that  "jerk"  (the  "rate  of  onset1' 
of  ecoelcration,  d3x/dt3)  was  physiologically  im¬ 
portant,  and  this  misconception  caused  a  great  deal 
of  needless  trouble  and  oxpense.* 

Yet  tho  problem  of  defining  an  acceptable  toler¬ 
ance  curve  was  quite  a  simple  one  to  solve,  when 
looked  at  from  tho  viewpoint  of  a  dynumicist,  ra¬ 
ther  than  that  of  an  M.D.(28»23)  Von  GiaTke,  Hess, 
Latham,  Coerman,  Kornhnuser,  and  other  workers  ap¬ 
preciated  that  quite  simple  dynamic  models  of  tho 
human-  body  could  bo  adequate  for  interim  engineering 
purposes,  onco  the  correct  spring  rates  and  damping 
coefficients  could  be  discovered.  Payne  first 
analyzed  the  situation  and  proposed  specific  cri¬ 
teria;  tentatively  In  1961 (2)  und  more  definitively 
(using  all  the  data  then  nvailuble)  in  tho  period 
1962-6S.(3<‘*>51  This  model,  for  upward  acceleration 
of  a  seated  man  (Figure  1)  is  now  the  MIL  Spec 
Standard!*)  for  tho  design  of  escape  systems,  and 
an  Air  Standardization  Coordinating  Committee  (ASCC) 
Stundard  as  well.  While  employed  principally  in 
the  design  of  aircraft  escape  systems,  it  is  also 
used  in  fields  far  removod,  such  as  the  design  of 
snowmobile  seats  and  suspensions. 

Use  of  tho  model  is  very  simple.  Any  accelera¬ 
tion-time  history,  no  niattor  how  complex,  can  be 
imposod  upon  it,  The  output  is  a  single  number, 
the  "DR1" ,  which  is  proportional  to  the  peak  load 
in  the  model's  "spino"  during  that  acceleration. 

From  Figure  1,  we  then  obtain  the  percentage  of 
vertebral  fractures  which  will  be  experienced  with 
ilmt  particular  Uhl,  and  decide  whether  to  modify 
the  acceleration  input.  It  is  possible  to  intelli¬ 
gently  trade-olf  the  prnHIrred  Inrldrmre  of  vortc 
brni  Injur/  against,  for  example,  the  predicted 
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Figure  1.  MIL-S-9478A(USAF) (2)  and  ASCC  Stundard 
seated  man  model  for  short  period  upward  accel¬ 
eration.  The  spinal  injury  correlation  is  from 
Reference  34. 


death  rate  from  impacting  an  airplane  structure 
during  aircraft  escape. 

One  of  tho  model's  principal  advantages  is  often 
overlooked.  Thoro  is  no  room  for  "judgment",  or 
argument;  tho  "rules"  cannot  bo  changud  to  produce 
a  more  favorable  DRI.  Any  engineer  using  the  model 
as  an  ovnluator  will  rome  to  procisely  tho  same  con¬ 
clusion  as  any  other  engineer.  All  comparisons  are 
objective,  in  happy  contrast  to  tho  extended  (and 
necessarily  unresolvabl o)  dubatos  which  took  piece 
bofore  the  model's  introduction. 

Tho  tame  typo  of  approach  is  recommended  in  tho 
ISO-2631**,  whon  it  is  desired  to  "characterize  tho 
vibration  environment  with  respect  to  its  offocts 
on  man  by  a  single  quantity.  .  But  tho  recom¬ 
mended  weighting  network  is  not  well  adapted  to 
the  types  of  vibration  and  shock  which  aro  experi¬ 
enced  In  naval  vehicles.  Briefly,  the  difficulties 
arc  as  follows: 

(a)  As  indicated  in  Figure  2,  high-speod  ship 
acceleration-time  histories  can  bo  vory 
"spikey",  containing  frequencies  much  higher 
than  the  80  Hz  upper  limit  of  ISO-2631, 

"Crest  factors"  (peck/RMS)  are  typically 
higher  than  the  maximum  values  of  3.0  for 
whi<  li  150-2031  in  consldei  d  valid,  i  I'or 


*  TTo  experimenters  who  "iiienti fled"  it  wore  really"  seeing  "rise-time"  offocts. 


**  Reference  1,  page  S,  second  column,  second  paragraph, 
t  Reference  1,  page  3;  end  of  Section  3.3. 
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Figure  2.  Acceleration-time  histories  for  typical 
high  speed  naval  vehicles. 

example,  some  typicRl  5RS  model  tests  give 
CF  ■  8  -  10.  Some  open  water  planing  boat 
measurements  give  CF  »  6. 

fb)  Many  vehicles  experience  slamming,  in  which 
the  acceleration-time  history  approaches  an 
impulsive  velocity  change  which  cannot  be 
analytod  spectrally. (?)  And  to  average  a 
severe  slam  over  a  period  of  time  is  obvi¬ 
ously  meaningless. 

(c)  An  amplitude  spectrum  without  phase  infor¬ 
mation  is  mathematically  moaningloss, 

A  considerable  number  of  investigators  are  con- 
■idering  these  problems  at  the  present  time.  See, 
for  example,  References  8  -  10.  The  general  concen¬ 
sus  seems  to  be  that  a  lumped  parameter  dynamic  mo¬ 
del  (of  the  type  shown  in  Figuro  l)  is  a  realistic 
way  of  evaluating  vibration  environments  with  high 
"crest  factors"  and  impulsive  velocity  change 
"shocks."  Figure  3  is  on  example  of  one  such  ap¬ 
proach,  duo  to  Allan. 

In  tho  noxt  section,  wo  examine  these  problems  in 
mors  dotall,  as  they  reflect  on  tho  engineering 
assessment  of  a  marine  vehicle's  "ride." 

The  Problem  of  Impulsive  Accelerations 

The  ISO-2361  tolerance  curves  are  based  primarily 
on  experimental  investigations  with  sinusoidal  vi¬ 
bration.  Tholr  application  to  nonsinusoidal  vibra¬ 
tion  is  rather  tentative,  and  In  some  ways,  quite 
arbitrary.  To  the  credit  of  tho  original  drafters, 
howevor,  tho  limits  seem  to  "make  sense"  as  they 
are  moro  and  moro  compared  with  data  from  opera¬ 
tional  situations,  provided  tho  crest  factor  is 


Figure  3.  Possible  approach  for  acceptable  levels 
of  repeated  shocks  [Alleni*®)]. 

♦From  Figure  1, 


not  too  high,  and  that  Impulsive  accelerations  do 
not  occur,  This  obviously  implies  some  form  of  re¬ 
gularity  in  the  missing  phase  angle  apectrum. 

Most  high-speed  ships  experience  occasional  - 
sometimes  frequent  -  "slamming"  or  "pounding"  events 
whieh  aro  quite  unlike  the  "normal"  vibration  con¬ 
sidered  in  ISO-2361.  One  way  to  examine  this  pro¬ 
blem  i*  to  consider  the  case  of  any  acceleration¬ 
time  history  which  is  composed  solely  of  such  impul¬ 
sive  accelerations.  Such  accelerations  could  bo 
experienced  by,  for  example,  a  subcritical  planing 
hull  pounding  from  wave  flank  to  wave  flank,  and 
otherwise  being  out  of  the  water.  This  is  a  feasi¬ 
ble  mode  of  operation,  particularly  in  off-shore 
racing. 


Figuro  4.  Idealized  acceleration-time  history  for 
40  knots  in  10-foot  wave  lengths.  2Av  «  4.76 
ft/sec.  (Tho  spika  base  time  4  will  depend  upon 
tho  details  of  the  Impact  and  the  frequency  ro- 
aponse  of  the  instrumentation  and  its  structural 
attachment . ) 


An  Idealized  acceleration  time  history  for  such 
motion  is  given  In  Figuro  4.(”1  Tho  actual  values 
of  Vmax  and  4  which  would  bo  rocordcd  in  such  a 
situation  would  depend  upon: 
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•  The  frequency  rcspon«o  of  the  accelerometer. 

•  The  "hardness"  of  the  structure  to  which  it 

was  attached. 

•  The  details  of  the  various  structural  reso¬ 
nances. 


Tills  is  a  very  unsatisfactory  result,  because  the 
KMS  depends  upon  the  width  (4)  of  the  acceleration 
spike.  We  know  that  2Av  =  1  ft/sec  is  perfectly 
safe.  But  our  RMS  criterion  implies  that  it's  not, 
if  $  is  very  small,  i.e.,  if 

4  •  .01  .001  .0001  seconds 


•  The  hydrodynamics  of  the  impact. 


‘yRMS  "  1>77«  6>36«  2" 


Only  the  last  of  these  is  "real",  in  the  sense 
that  it  influencos  a  human  occupant's  perception  of 
the  acceleration.  This  is  because,  for  very  short 
duration  accoloiatians,  man  is  sensitive  to  velo¬ 
city  change  (■  Vj,^  6)  rather  than  the  magnitude 
of  Typical  trajectory  parameters,  which 

sre  independent  of  wave  height,  are  given  in  Figure 

S. 


This  is  obviously  nor  •  ’so,  bocauso  u  human  sub¬ 
ject  could  not  perceive  a.;y  difference  among  the 
three  pulses.  And  the  error  is  not  uuo  to  high 
values  of  tho  "crest  factor",  incidentally,  which 
for  this  tiiuw  history  is  given  by(7) 


CF  -  rp 
«  yRMS 


I  JL 

3  A, 


I 4Av  -  ai 

V  |  hv  -  g« 


(2) 


For  Aj  »  2g 

CF  ■  1.41 


lOg 

1.26  /S7?  ■  1.23 


These  are  very  low  values;  much  less  than  the 
upper  bound  of  CF  »  3.0  specified  in  ISO-2361.  We 
therefore  have  to  conclude  that  the  ISO  approach  is 
not  valid  for  this  kind  of  periodic  acceleration.* 


A  second  possible  approach  is  to  assume  that  each 
impact  event  occurs  by  itself,  after  the  effect  of 
the  previous  one  has  damped  out.  We  can  thon  eval¬ 
uate  it  by  determining  its  spectral  content,  and 
following  the  ISO-2361  methodology. 


The  spectrum  of  a  triangular  pulso  a(t)  Is  given 
by  its  FourJor  transform 


FCiwD 


ft(t)dt 


»  2Av 


sin 


aid 


T 


(3) 


This  is  plotted  nondimensionnlly  in  Figuro  6. 

Again  we  see  that  tho  "real"  spoctrum,  as  a  func¬ 
tion  of  froquoncy,  depends  upon  tho  value  of  the 
pulse  width  time  5.  So  when  we  evaluate  it  in 
accordance  with  TSO-2361,  we  get  totally  different 
results  for  diff<  ent  valuos  of  6,  as  shown  in 
Figure  7.  ( 

If  we  now  turn  to  tho  DRI  method^  of  evaluation, 
we  find  that (18) 


Figuro  S.  Idonlitod  trajectory  parameters  for  a 
bbat  speed  of  40  knots.  [Av  is  the  vertical 
(downwards)  velocity  of  the  boat  just  prior  to 
Impact,  ao  that  the  total  vortical  voloclty 
Change  is  2 Av.  y^iAX  1*  its  maximum  trajectory 
height  between  impacts,  measured  above  the 
impact  piano.] 


DRI 


w(2Av)e 


•tr*/n 


whero 


n  ■  A  t? 

For  the  Dill  medol  (Figure  1) 


4  ■  sln^n 


(4) 


Now,  how  do  wo  assess  the  tolerability  of  Figure 
4T  AS  a  first  guess,  wo  might  dccldo  that,  sinco 
it  is  periodic,  wc  can  uso  tho  ISO-2361  criteria. 

We  theteforo  determine  its  RMS  value  and  its  crost 
factor.  It's  easy  to  show(7)  that 

©RMS  ‘  Vfe)"""  1  ’  '  1  “  Vftf-  1  C1) 

wWe  also  havo  to  conclude  that  the  "Crost- fnc tor1'- is 

leaning, 


DRI  *  1 . 207 (2Av) 

»  24,1  for  2Av  «  20  ft/soc 

From  Figure  1,  this  corresponds  to  a  vertebral 
fracture  rate  in  excess  of  50%.  So  we  have  •  sit¬ 
uation  whore  an  acceleration  which  will  cause  grave 
bodily  injury  is  "tolornblo  for  one  minute"  under 
the  ISO  criteria.  Clearly  an  unacceptable  situa- 

i  nrGltrnry  parameter  which  has" no  mathematical 
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figure  6.  Partial  apectrum  of  a  triangular  pulse 
(zeros  occur  at  wS  »  4nn ,  n  integer) . 


sweutN'.r  m  t«wz 

Figure  i,  ISO-2361  '•valuation  of  a  20  ft/soc 
velocity  change  Impulse  for  two  dif¬ 
ferent  vnlues  of  the  durat'on  (6). 


To  add  emphasis  to  tnis  point,  let  us  suppose  that 
wc  had  a  spectrum  which  was  uniform  and  infinitely 
wide.*  This  could  represent  one  of  two  inputs  y  (t) 

(1)  A  Dirac  impulse  which  could  kill  a  man,  or 

(2)  White  noise  which  would  be  impercoptable 
to  him. 

Obviously,  then,  the  spectrum  by  itself  is  mean¬ 
ingless  without  phase  information. 

Our  analysis  has  been  confined  to  mathematically 
simple  acceleration-time  histories  which  permit 
mathematical  rigor,  and  wo  have  seen  that  the  ISO 
criteria  cannot  be  applied  to  them  in  any  meaning¬ 
ful  way.  If  we  now  consider  an  acceleration  of  the 
type  shown  in  the  upper  half  of  Figure  2,  we  find 
that  the  same  difficulties  arise,  but  are  more  dif¬ 
ficult  to  spot,  because  of  the  greater  complexity 
of  the  input.  This  is  the  trap  into 'which  we  have 
fallen  I  Because  a  typical  ship  vibration  is  too 
complex  to  analyze  rigorously,  we  have  "guessod" 
at  a  methodology,  by  loose  analogy  with  sinusoidal 
vibration,  without  attempting  to  validate  it  theo¬ 
retically.  And  validation  or  rejection  by  experi¬ 
ment,  when  the  "instrumentation"  is  as  imprecise  as 
the  subjective  reactions  of  large  numbers  of  people, 
is  likely  to  bo  time  consuming  at  least;  if  not 
impossible.  Note  that  the  originators  of  the  ISO 
Standard  were  well  aware  of  this  problem,  and  em¬ 
phasized  that  the  Standard  is  not  applicable  when 
the  vibration  deviates  significantly  from  sinusoi¬ 
dal. 

It's  therefore  Imperative  to  use  a  move  meaning¬ 
ful  method  of  ride  evaluation.  Fortunately,  the 
linear  dynamic  model  assessment  method  is  available, 
and  is  already  well  provon  for  just  those  aspects 
which  cause  so  much  difficulty  with  the  RMS  approach. 
In  addition  to  solving  those  difficulties,  dynamic 
modols  can  at  loast  reproduce  all  the  other  fea¬ 
tures  of  the  ISO  assessment  mothod,  and  arc  proba¬ 
bly  superior,  in  that  thoy  account  (albeit  imper¬ 
fectly)  for  phase  effects. 

In  the  following  sections,  we  describe  and  define 
the  appropriate  dynamic  models.  The  relevant  si-  ■ 
imsoldal  oxcitation  theory  may  bo  found  in  Appendix 
II,  and  the  transient  theory  in  Roferonces  3-6  and 

ia. 

The  Proposed  Ride  Quality  for 
Frequencies  Ahovo  One  llortz 


SOPY 
vis  nation 

MOOIL  "VIICINAL"  •SPINAL'' 


Figure  8.  The  proposed  model  for  frequencies 
above  ono  Herts. 


*Wir Txnmp lo  was  suggc3to3~b'y  Dr. 


Charles  W,  7k7!~i tclioil  in  a  personal  contmimicatTon. 
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The  proposed  model  has  three  degrees  of  freedom 
til  parallel  us  indicated  in  figure  8.  S/stem  (1) 
is  the  M1I.-S-Q478A  model  of  figure  1  and  may  bo 
loosely  referred  to  as  a  "spinul"  model.  System 
(2)  has  a  lower  frequency,  and  Is  intended  tu  ac¬ 
count  for  the  various  "visceTal  modes."  The  last, 
high  frequency  mode  represents  "body  vibrations." 
It  is  not  identified  with  any  particular  physiolo¬ 
gical  system  or  characteristic,  and  its  pnramotnrs 
are  selected  sololy  to  agreo  with  existing  "vibra¬ 
tion  toloranco"  boundaries.  A  given  ISO  curvo 
roughly  corresponds  to  one  of  the  mass  accolera- 


critical  value,  e.g.' 


y, 


crit 


«ni  y,  sy„ 


"crit 


y3  s  y» 


crit 


CRMS) 


The  model  coefficients  are  as  follows: 


Wj  -  S2.9  rads/sec  cTj  ■  0.224 

(The  "spinal"  or 
DRI  model) 

*  25. 1  rads/sec  r2  ■  0.4 

(The  "visceral" 
model) 

aij  n  S2.9  rads/sec  «  1.0 

(Tho  "body  vibra¬ 
tion"  model) 

Critical  Mass  Accelerations  (RMS) 

(Limit  A) 

"Severe,  loot  than 
one  hour" 

y  -  o. 5g 

"crit 

(Limit  B) 

"Tolerable,  less 
than  one  hour" 

y  -  o.2g 

"crit 

(Limit  C) 

"Long-term  severe" 

y  ■  0.2g 

"crit 

(Limit  D) 

"Long-term  tolera¬ 
ble" 

yn  ,  •  0.1, 

"crit 

Apart  from  the  change  at  one  hour,  the  ISO-2G31 
notion  of  time  dependence  is  not  employed  in  this 
model.  The  concept  of  performance  degradation  with 
time  has  not  been  supported  by  laboratory  experi¬ 
ments  [see,  for  example,  Von  GiorkoOl.lS)  and 
Maslen(12))  and  there  does  not  seem  to  be  any  rea¬ 
son  to  suppose  that  trends  postulated  for  the 
goneral  population  apply  to  well-motivated  Navy 
personnel  at  sen. 


Figure  9.  Model  response  to  sinusoidal  vibration  - 
"severe,  but  tolerable;  less  than  one 
hour." 


Figure  10,  Tho  tentative  limits  compared  with 

ISO-2631  exposure  limits  of  sinusoidal 
vibration. 


Comparison  of  tho  Proposed  Vibration  limits 
With  150-2631 

A  typical  limit  generated  by  this  model,  tho 
limit  for  sinusoidal  vlhratlon,  is  shown  in  Figure 
9.  It  can  bo  soon  that  tho  viscorul  model  controls 
up  to  about  4.6  Herts,  than  tho  spinal  model  con¬ 
trols  up  to  11.7  Harts.  Abovu  about  30  tb  its,  the 
highest  frequency  body  vibration  model  ha:,  tho  same 
slope  as  the  ISO  limits, 

A  particular  udvantago  of  the  model  is  thut  one 
parameter  y  govorns  tho  "severity"  of  tho 
1  crit 

limit,  all  otbor  parameters  being  fixed.  Tho  ten¬ 
tative  limits  aro  compared  with  tho  ISO  exposure 
limits  in  Figure  10. 


Quantising  "Vlbrntlon  Ride  Quality" 

Each  RMS  mass  acceleration  must  be  loss  than  the 
critical  vnluo  V  specified  above.  For  each 

"crit 

degroe  of  freedom  in  the  model,  thore  will  bo  a 
"vibration  ride  ratio" 

y 

(VRR)  «  —  (RMS) 

S 

The  "vibration  Tide  quality  index"  (VRQI)  is  tho 
highest  value  uf  (VRR)  among  tho  throe  systems. 

A  value  VRQI  ■  1.0  would  bo  very  sovere;  twice 
ns  much  as  tho  proposed  "Severe,  less  than  one  hour" 
limit.  A  value  of  2.3  would  correspond  to  the  "u.ie 
minute  ondurnnee  limit"  established  by  Ziegenruocker 
and  Mug  id  (1 7).  The  proposed  limits  are: 
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VRQl 

(Limit 

A) 

"Severe,  loss  than 

one  hour" 

0.5 

(Limit 

B) 

"Tolerable,  loss 
than  one  hour" 

0.2 

(Limit 

C) 

"Long-term  sovere" 

0.2 

(Limit 

£>) 

"Long-term, 

tolerable" 

0.1 

Shock  or  Impact  Criteria 


Tho  number  and  magnitude  of  shocks  which  can  be 
tolerated  in  unit  time  is  defined  by  an  extension 
of  Allen'sC*6)  approach,  as  shown  in  Figuro  11. 

This  mothod  utilizes  tho  DRI  or  "spinal"  model 
(system  1  in  Figure  8)  to  count  the  number  of  times 
the  OKI  exceeds  various  thresholds. 


DRI  a  - -iM  a  86.961  6.  (4  in  feet) 

8  *MAX 


Figilro  11.  Tentative  limits  for  tho  Dynamic 
Response  Index. 


10  Hertz.  From  n  research  point  of  view,  this 
agreement  is  remarkably  rdoi!,  considering  how  the 
repeated  shock  limit  was  established,  and  giver,  a 
considerable  increase  of  confidence  in  the  approach. 
From  b  "specification"  point  of  view,  wo  can  avoid 
any  difficulty  hy  simply  roquiring  the  lownst  of 
the  two  limits  to  be  used,  when  thoy  conflict. 

More  research  clearly  needs  to  be  done  in  this 
areo.”°J  How  do  wo  "Join"  the  two  different  cri¬ 
teria  in  a  logical  manner?  Should  wo  have  differ¬ 
ent  allowable  DRI  levels  for  less  than  and  more 
than  one  hour?  Perhaps  time  dependency  should  be 
even  more  detailed,  Perhaps  wo  can  evade  the  need 
for  the  DRI  criterion  by  imposing  additional  con¬ 
straints  on  the  vibration  model  output.  At  a 
deepor  lovol,  what  is  the  fatigue  mechanism? 


Characterizing  "Impart  Ride  Quality  Index"  (IRQI) 


We  define  tho  "Impact  Rldo  Quality  Index"  as 


IRQI 


■  maximum  value  of 


DRI  at  a  particular 

frequency _ 

The  limit  at  that 
frequency 


As  tho  example*  of  Figure  16  show,  this  is  a  very 
simple  concept*  in  practice;  in  fact,  simpior  to 
use  than  to  define. 

The  Proposed  Low-Froquency  Model 

Even  though  a  ship  may  bo  travelling  slowly,  and 
there  are  no  high-frequency  acceleration  components, 
it  is. a  matter  of  common  experionco  that  its  occu¬ 
pants  can  exporionco  n  loss  of  officioncy,  duo  to 
two  effects: 


Each  maximum  must  be  counted,  l.o. 

Each  value  of  4^  when  4j  »  0,  i‘j  <  0. 

An  excoedanco  plot  is  than  readily  produced.  To 
bo  tolernblo,  it  must  everywhere  bo  below  the  limit 
ih  Figuro  11.  Tho  equation  for  the  limit  is 

(DRI)uh  ■  9. S  (0.001  <  N  <  0.00776) 

fc  1 7* 

(dri>hm  -  Jtfifr  C" <  0’00776> 

Whoi'o  N  ■  number  of  oxcooduncos  por  24  hours.  For 
N  <  ,001,  no  limit  is  proposed,  implying  that  tho 
Critical  DRI  may  bo  oxc.eedod  once  ovary  thousnnd 
days  of  continuous  operations,  or  about  onco  every 
tbh  years  of  olapsod  time.  This  is  to  avoid  logi¬ 
cal  conflicts  arising  with  conventional  statistical 
analysis  of  ride  data. 

For  impacts  which  occur  1  to  10  times  a  second 
(N  w  86,400  to  864,000),  this  limit  can  permit  a 
hemewhat  moru  severo  y  RMS  value  than  the  most 
severe  vibration  limltcfor  one  hour  or  1oh3.  It 
implies  0.87g  RMS  at  one  Hertz  and  0.4Sg  RMS  nt 


(a)  Ship  motion  mny  make  ordinary  tnsks  more 
difficult.  For  examplo,  walking,  performing 
maintenance  work,  carrying  loads.  This  is 
usually  roferrod  to  as  a  degradation  in 
motor  perfprmnnco. 

(b)  Ship  motion  mny  rnuse  motion  sickness, 
popularly  known  is  "seasickness",  and 
medically  as  "kinotosis." 

These  two  phenomena  arc  not  noccssarily  sopnrute 
and  distinct.  Motion  sickness  may  cause  clumsiness 
and  poor  coordination;  oxacting,  close-up  work  may 
cause  motion  sickness  in  an  environment  which  would 
otherwise  bo  acceptable.  Analogously,  loss  of  an 
horizon  reforoncc  cun  result  in  slcknoss.**  both 
phenomena  nre  known  to  bo  associated  with  balancing 
mechanisms  in  the  inner  car  [Hurry (20) j , 

It  is  also  a  matter  of  common  experience  that 
sailors  adapt  to  thoir  environment  and  that  gener¬ 
ally  speaking,  efficiency  cun  return  to  near  normal 
after  a  few  days  at  seu  unless  motions  are  very  se¬ 
vere.  Tho  "rolling  gait"  of  the  small  boat  sailor 
just  ashore  is  a  well  known  symptom  of  man’s  nbtli- 
ty  to  adapt  to  walking  on  a  rolling  und  heaving 
deck.  In  a  small  bont  commencing  n  voyage  in,  say, 


*An  approach  which  was  Independently  suggested  by  both  K.R.  Mnslcn  and  F..C.U.  Band  of  Payne,  Inc. 

**Whcn  automobiles  were  not  an  everyday  experience  from  birth,  doc  could  often  flnJ  people  who  could 
drive  all  day  without  nny  concern,  but  be  quite  uneasy  ns  a  passenger;  and  qulto  sick  if  they  triod  to 
bead  while  being  driven. 
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North  Atluntic  waters,  it's  typical  for  tho  crew  to 
be  sick  for  the  first  day  or  so,  and  from  thou  on 
to  be  Impervious  to  kinctosir,  in  any  reasonable  sea 

state.  On  larger  ships,  the  problem  is  more  complex 
because  the  seas  may  bo  light  for,  sny,  tho  first 
week,  and  sickness  may  not  develop  until  tho  first 
patch  of  rough  weather  causes  tho  ship  to  movo 
around. 

People  axe  also  extremely  variable.  Some  never 
get  sick.  Others  are  sick  after  months  at  sea, 
when  thoro  is  a  substantive  change  in  ship  motion 
(e.g.,  Admiral  Lord  Nelson).  Even  a  given  individ¬ 
ual  has  a  varying  tolerance,  depending  on  his  mo¬ 
rale,  tho  nature  of  his  last  moal,  and  his  environ¬ 
ment  of  temperature,  humidity,  odor,  horizon  refer¬ 
ence,  and  whether  or  not  ho  is  fatigued. 

There  does  not  appear  to  be  any  satisfactory 
quantized  data  on  either  motor  performance  or  mo¬ 
tion  sickness  incidence  (MSI)  in  tho  Navy  environ¬ 
ment.  O'Hanlon  and  McCauley”!)  have  producod 
kinotosis  data  for  600  subjocts  in  the  O.N.R. 
simulator,  but  this  data  Is  for  unadapted  young  mon 
in  a  laboratory  environment.  As  a  matter  of  inter¬ 
est,  some  of  tho  Reference  21  data  is  replotted  in 
Piguro  12  to  givo  a  physical  feel  for  the  ampli¬ 
tudes  (half  peak  to  trough)  involved,  and  to  em¬ 
phasize  the  importance  of  period.  Tho  published 
work  of  O'Honlon  and  McCauley  tells  us  nothing 
about  motor  performance  degradation. 


Figure  12.  Curvos  of  constant  motion  sickness  in¬ 
cidence  (MSI)  for  unadopted  subjects  within  two 
hours  after  Inltinl  exposure  to  motion.  (Adapted 
from  Reference  21). 


MSI  »  Motion  Sickness  » 
Incidence 


Number  of  Subjects  Sick 
Total  Number  Tested 


,  (22) 

Karhurst  and  Cerasani'  [whose  work  was  used  by 
Hadlcr  and  Siircliint-1) )  purport  to  give  data  on 
motor  performance,  but  their  results  me  inconclu¬ 
sive  for  the  following  reasons: 

1.  Thoy  assume  that  motion  sickness  is  not  in¬ 
volved.  But  the  ship  was  on  a  two-week 
cruise  ("tho  caimost  trip  we've  ever  had", 
according  to  one  crew  member)  and  experienced 
rough  weather  for  only  one  fourrhour  period. 
It’s  possible  that  the  motor  performance  de¬ 
gradation  observed  during  this  four-hour 
period  was  in  part  due  to  mild  kinetosls, 
and  that  efficiency  would  have  improved  after 
a  day  or  so. 

2.  They  assume  that  only  roll  is  important,  ig- 
noring  pitch  end  heaye.  Anyone  who  has  tried 
to  work  "up  forward"  ?.n  head  or  following 
sous  will  recognize  the  inadequacy  of  this 
assumption.  Laboratory  tpsts(24)  seem  to 
show  that  roll  itself  may  not  bp  important 

•t  all. 

3.  They  purport  to  show  that  efficiency  muy  im- 

5  rove  with  moderate  roll.  But  their  data* 
oes  not  support  this;  only  the  "motivation" 
factor  shows  this  improvement.  Pid  these 
moderate  roll  rates  perhaps  occur  whilo  re¬ 
turning  to  por.t?  I 

4.  As  they  say  themselves,  their  data  are  not 
statistically  significant. 

It  seems  cloar  that  Wnrhur.st  and  Curasao!  were 
working  with  a  very  limited  budget,  and  wore  hoping 
to  get  a  "first  rough  cut"  at  the  problem.  Oi nor 
workors  havo  perhaps  stretched  the  rosults  more 
than  the  original  authurs  would  have  desired.  And 
their  overall  approach  was  certainly  sound:  to  find 
out  how  sailors  perform  at  sen,  one  should  go  to 
sea  and  see. 

Generally  speaking,  roll  motion  is  much  more 
"visible"  than  heave  or  pitch,  because  of  the  hori¬ 
zon  reference.  So  it's  usual  to  empirically  relate 
discomfort  to  it,  as  did  Warlmrst  and  Cerasani. 

Yot  tho  limltod  amount  of  laboratory  data  available 
indicates  that  angular  roll  has  little  or  no  effect 
on  kinotosis,  and  nay  not  bo  important  to  motor 
performance.  Figure  13,  which  illustrates  angular 
effects  on  kinotosis,  is  taken  from  McCauley,  et 
ai”,‘*J  and  seems  to  show  that  angular  effects  are 
of  second  order  importance.  McCauley,  et  81(24) 
also  cite  earlier  authors (51 >52)  who  have  assorted 
that  pitch  and  roll  are  relatively  unimportant  com¬ 
pared  with  heave  motion  because  tho  angular  accel¬ 
eration  aboard  ships  is  generally  very  low. 

It  would  therefore  seem  that  local  heave  is  tho 
most  important  parameter,  so  that  if 

z  *  height  of  the  ship's  CG  abovo  an  inertial 
reference  plane 

t  *  ship  pitch  angle 
S  "  ship  roll  angle 

x,y  »  longitudinal  and  lateral  dlstsnccs  from 
tho  CG 
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Figure  13.  Motion  Sickness  Incidence  (MSI)  as  a 
function  of  frequency  and  acceleration  for  pitch 
♦  heave,  roll  +  heave,  and  for  heave,  pitch,  and 
roll  alone.  All  heave  motions  were  at  a  frequen¬ 
cy  of  0.25  Ht  and  an  RMS  acceleration  of  O.llg. 
Data  from  McCauley,  ot  al.(24) 

then  the  motion  of  importance  to  a  crew  member  lo¬ 
cated  at  x,y  is: 

h  «  z  +  xt  +  yB 

Expressed  as  a  local  heave  acceleration: 
h  «  ¥  +  xV  +  y'p 

Thanks  to  the  work ,of  O'Kanlon  and  HcCauloy^21^ 
we  can  relate  h  (or  K)  to  the  probability  of  sick- 
noss  (MSI)  for  unadapted  adult  males.  A  summary 
of  more  recent  work  is  given  by  McCauley,  ct  alt24) 
including  equations  which  permit  MSI  to  be  computed 
when  acceleration  amplitude,  frequency  and  duration 
are  known.  ; 

Of  course,  wo  cannot  easily  relate  this  data,  ob¬ 
tained  with  inexperienced  subjects,  to  experienced 
sailors,  or  to  the  motor  performance  of  experienced 
or  naive  crew  members.  But  it  does  give  a  lower 
boundary. 

Another  source  of  information  is  the  "allowable" 
short-torm  nccolerntlon  curve  defined  in  MIL-F- 
9490D  for  an  "acceptable"  degradation  in  tho  tra¬ 
cking  performance  of  experienced  aviators. 
Brumagiilm' s (■*■*)  presentation  of  this  is  compared 
with  the  MSI  curves  in  Figure  14  and  is  .v  on  to 
coincide  with  the  SOv  MSI  (unadapted)  data  in  tho 
frequency  range  0. 1-0.3  Hortz.  This  soems  reason¬ 
able. 

The  allowable  acceleration  defined  in  MIL-F- 
9490D  is  assumed  to  decronse  us  the  duration  in¬ 
creases,  In  a  mannor  very  similar  to  that  of  the 
ISO  allowables.  But  Brumnghimt^^)  cites  a  number 
of  experimental  investigations  which  seem  to  con¬ 
tradict  this,  in  that  no  performance  degradation 
Is  found  for  test  durations  of  up  to  six  hours. 

Based  principally  on  Brumaghlm's  discussion, 
therefore,  we  propose,  very  tentatively,  the  fol¬ 
lowing  model  for  "long-term,  severe": 


Figure  14.  Various  indicators  of  tolerable  ver¬ 
tical  acceleration. 


u.  <r  rads/soc  T.  »  1.0  y.  •>  0.2g 

L  *  L  lcrit 

The  curve  associated  with  this  is  shown  in  Figure 
14  as  "long-term  severe."  It's  very  odd  that  y, 

«  0.2;  the  same  value  as  "long  term  sovero"  LCRIT 
for  thu  higher  frequencies.  Does  this  mean,  perhaps, 
that  V,  “  0.5g  would  bo  a  reasonable  "severe, 
LCRTT 

loss  than  one  hour"  limit,  nnd  O.lg  tho  same  for 
"long-term,  tolerable?"  When  plotted  In  Figure  14, 
these  limits  don't  look  at  all  uriroasonnblo  for  ex¬ 
perienced  sailors,  so  we  might  as  well  lot  them 
stand,  lacking  hotter  data,  until  someone  comesalong 
with  bettoT  figures.  Ko  them  have  the  intellectu¬ 
ally  pleasing  (but  physically  meaningless?)  Tesult 
th.-*  discomfort  depends  only  on  model  acceleration 
and  is  independent  of  frequency,  even  bolow  one 
Hortz.  This  has  already  boon  suggested  by  several 
workers,  notubly  Jex,  for  the  range  abovo  one  Hortz. 

Some  physical  feel  for  these  limits,  In  tho  con¬ 
text  of  advaticod  marine  vehicles,  is  given  by  Fi¬ 
gure  15.  Th*  is  an  idealized  calculation  for  a 
vessel  which  as  small  in  relation  to  tho  wave 
length  and  is  able  to  contour  the  surface  by  reac¬ 
ting  negative  acceleration  loads  as  effectively  as 
positive  ones.  Surprisingly,  we  sco  that  the 
higher  swells,  because  of  their  longer  length,  are 
more  tolerable  ot  a  given  speed  than  the  smaller 
ones,  Tho  adverse  effect  on  comfort  of  increasing 
ship  speed  beyond  conventional  values  is  clearly 
seen  in  Figure  15. 

Future  Work 

To  improve  out  knowledge  of  the  relationship  be¬ 
tween  ship  motion  and  crew  efficiency,  it  would  bo 
quite  simple  nnd  inexpensive  to  go  to  the  soa  in 
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Figure  IS.  Idoalizod  acceleration  in  regular  sinu¬ 
soidal  head  swells,  compared  with  the  proposed 
low-frequency  limits. 


Physiological  Description 
Limit  (Experienced  Navy  Crew 

(C)  Long-term,  severe 

(D)  Long-term,  tolerable 

One  would  normally  design  to  meet  limits  (B)  and 
(D),  accepting  the  more  severe  conditions  (A)  and 
(C)  for  only  a  small  percentage  of  the  total  opera¬ 
tional  profile,  or  if  very  substantial  advantages 
(such  as  greatly  reduced  '  st,  perhaps)  accrue  from 
operation  at  the  noro  si  f  limit. 

The  physiological  effecw  of  the  vehicle's  accel¬ 
eration  time  history  (V.)  for  a  given  set  of  opera¬ 
ting  conditions  is  assessed  by  exciting  (or  "driv¬ 
ing")  four  dynamic  models  with  it,  and  observing 
the  model  output  (yn) . 


The  basic  model  equation  is  as  follows: 


various  sized  Navy  ships  and  small  craft  and  get 
direct  readings  in  the  real  environment.  The  re¬ 
quirements  would  seem  to  bo  as  follows: 

1.  A  portable  six-degree-of-freedom  motion  re¬ 
corder.  Tho  existing  PODAS  would  do,  al¬ 
though  real  time  processing  of  tho  data 
(average  roll,  pitch  and  heave  amplitudes 

in  the  last  five  minutes,  ior  cxumple)  would 
bo  highly  desirable  as  wel’ . 

2.  A  convenient  presentation  of  tho  space 
ordinates  x,  y,  and  z  for  all  manned  loca¬ 
tions  in  the  ship. 

3.  Standard  questionnaires  to  be  filled  out 
by  the  crew  when  requested  over  tho  ship's 
address  system. 


4  + 


2Cu  6  +  u  _  4 
n  n 


where  4  is  the  dofloction  of  the  spring  of  a  simple 
sprung  mass  model,  w  (rad/sec)  is  the  natural  fre¬ 
quency  of  the  model,  and  C  is  the  damping  ratio. 

Model  Wn 


Number 

Z 

(rads/sec) 

Name 

1 

0.224 

S2.9 

Spinal 

2 

0.40 

25.1 

Viscoral 

3 

1.0 

52.9 

Body  Vibration 

4 

1.0 

1.571 

Low  Frequency 

4.  Two  or  throe  simple  physiological  tests;  two 
or  three  simple  manual  dexterity  tests;  a 
povtablo  tracking  task,  and  one  or  more 
physiologists  to  select  and  administer  all 
of  these. 


The  VIBRATION  RIDE  QUALITY  INDEX  (VRQI)  is  de¬ 


fined  as 


VRQI 


Vn'  (RMS) 

s 


S.  An  engineer  to  pull  together  all  this  data 
and  analyze  it  on  a  real  time  bosis  (rather 
then  after  each  voyage  is  over)  so  that 
questionable  results  can  bo  immediately 
identified  and  re-analyzed  as  necessary. 

Conclusions 

We  have  proposed  a  method  of  defining  physiolo¬ 
gical  "ride  quality"  limits.  In  decreasing  order 
of  severity,  these  limits  are: 

Physiological  Description 
Limit  ^Experienced  Navy  Crew) 

(A)  Severe,  less  than  one  hour 

(B)  Tolerable,  less  than  one  hour 


where  /  '(RMS)  is  tho  maximum  valuo  obtained  from 
one  of  ntho  four  model  outputs. 

The  proposed  limits  on  VRQI  arc  as  follows: 

Limit  Description  VRQI  must  be  less  than: 


A  Severe,  loss 

than  one  hour  O.S 

B  Tolerablo,  loss 

than  one  hour  0.2 

C  Long-term,  severe  0.2 

D  long-term, 

tolerable  0.1 
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The  IMPACT  RIDE  QUALITY  INDEX  (IRQI)  is  obtained 
from  the  "OKI"  output  of  Model  Number  l,  the  "spi¬ 
nal  model. " 

.  “L4!  max 


6j  is  computed  for  each  maximum  value;  i.e. 

each  4j  when  4j  «  0,  6^  <0  .j 

I 

Wo  now  ordov  the  DR1  values  as  in  the  following  m 
example:  | 

Correspon¬ 
ding  Num-  tj 

Numbor  of  DRI  Ex-  Number  of  bor  of  Ex-  6 

Occur-  oeedance  Excee-  ceedanccs  j3 

rences/hr.  Point  dances/hr.  in  24  hrs. 


The  exceedances  per  twenty- four  hours  are  ob¬ 
tained  by  ratioing  up  from  the  duration  for  which 
readings  were  actually  obtained;  in  this  examplo, 
one  hour.  The  exceodnnca  points  are  then  plottod 
as  shown  ("Examplo  A')  in  Figure  16.  The  1RQI  is 
definod  as  the  largest  value  which  occurs.  In 
Example  A,  IRQ!  »  1.0,  so  that  the  ride  is  just  at 
the  limit  of  tolerability.  In  Example  H,  the  maxi¬ 
mum  value  is  about  IRQI  ■  0.38,  indicating  a  rela¬ 
tively  smooth  ride. 

Appondix  t. 

A  Comparison  wTtTi  Experiment 

It  Is  hoped  thut,  in  the  future,  crew  performance 
will  be  measured  at  son,  related  to  ship  motions, 
and  then  compared  with  tho  proposed  model:. .  At 
the  time  of  writing  this  pupor,  we  have  only  had 
tho  opportunity  to  compare  tho  model  with  one  sot 
of  laboratory  data,  as  shown  in  Figure  I-l. 

Appendix  It. 

Response  o _f  r\_  Llnuar , Tytunii od  Second  Order 
System  to  sinusoidal  Vibration 


NOT  TOLUtAk.t 


1. 5-2.0 

7 

1.5 

21 

504 

0,1 

2. 0-2.5 

7 

2.0 

14 

336 

04 

2. 5-3.0 

4 

2.S 

7 

168 

3. 0-3. 5 

2 

3.0 

3 

72 

3.S-4.0 

4.0-4. S 

1 

o 

3,  S 

4.0 

1 

o 

24 

o 

0 * 

4.S-S.0 

0 

4.5 

0 

0 

« 

_ g - 

.  woi  SN 


a  004  O.Si  01  1.0  100  1000  tooo 

Nuusn  Of  THU  (tenon  «  H  noun 

Figure  16.  Impact  Ride  Quality  Index  Chart.  (Tho 
two  examples  of  excoedance  plots  are  hypothetical.) 
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It  Is  the  purposo  of  this  Appendix  to  define  the 
various  rosponses  of  a  linear  damped  dynamic  model 
to  sinusoidal  vibration. 


Figure  I-l.  "One  minute"  tolorance  to 
sinusoidal  vibration  (liegcnrucckor  4 
Magld(*')l  Compared  with  the  proposod 
model,  y  «  2. 33g. 


mtOUENi.y  IN  HERTZ 


UNOEFLECTED  f 
SPRING 
LENGTH 


Y  sin  nt  »  Y  sinC</  +  8) 

0  o 

'  "Y0  (sln  *  cos  8  ♦  cos  *  sin  8)  (11-6) 

Substituting  equations  (II-S)  and  I I -6)  In  (11-4), 
and  equating  the  sin  *  and  cos  p  coefficients  sepa¬ 
rately 

2  2**  „  I 

-<T4  ♦  </«„  ■  V  COS  6  ■ 

n  w  o 

u  ,  Cn'7J 

2cn«B  -  Y0  sin  s  , 


k  “  spring  stiffness,  lb/ft  of  compression 

2K  ■  viscous  damping  constant 

•  damper  force/velocity  (lb  sec/ft) 

4  ■  spring  (compressive)  deflection  (ft) 

-  \  -  (y  -  yc) 

X  «  unloaded  spring  length  (ft) 
is  •  mass  (slugs) 


This  defines  '.he  phase  angle,  i.e. 


2c(l  2c(n/w) 


»  -  a f  i  -  (o/u)z 

where  S  ■  c/u,  the  critical  damping  ratio.  Squaring 
and  adding  equation  (II-7)  gives 

<B2[(2cfl)2  +  (m2  -  n2)2]  -  Yo2  i 


F#  ■  force  in  the  spring  (lb)  («k4) 
Fp  ■  force  in  the  damper  (lb)  («2Ki!) 
The  equation  of  motion  for  mass  m  is 


FD  +  Fs 


2K4  *  ki 


r0  /(W  ♦  (U2  -  D2)2 

l 

alternatively  ! 

u\  k4m  l  1 

-tt —  •  -n-  »  ,  ,  '  2  2  (H-iO) 

Y0  nY0  /[(2if(n/u)]2  ♦  [1  -(n/iii)2)2 


y  -  yc  -  i' 

m«  +  2K4  ♦  k5  -  mYc 
Dividing  throughout  by  m,  and  writing 


•  ■  S 


peak  apring  forca  F 

max 

if V peak  input  acceleration 


The  total  forco  is 


PT  “  Fs  *  FD  ’  wC2c^  *  l“2s) 
Substituting  equation  (II-S)  for  4  and  4 


rT  2 

—  ■  2cfl4_  cos  ifi  +  u  4  sin  ♦ 
m  in  b 


(il-ll). 


4  *  2c4  +  we  ■  y  (11-3) 

For  tho  special  case  when  the  modol  is  subjected 
to  a  sinusoidal  motion 

yc  -  Y0  sin  0 1  (II-4) 


-SSi  -  6m  Azcn)2  ♦  w4 

in  n 


(2c(l)  ►  iii 


(2cn)‘  +  (h>  -  t ry 


where  Y0  »  n2YQ,  the  input  acceleration  amplitude.  from  equation  (II-9). 


Ne  know  that  tho  nontransient  solution  will  be; 

4  -  4r  sin(Ot  -  8)  \ 

*  4»  *in  *  c*aY)  I 

.  .  B  \  (H-S) 

4  »  04^  cos  p  / 

4  ■  -f)24m  *ln  d’  I 

whoro  4mis  tho  motion  amplitude  and  the  phoso  anglo 
8  has  not  been  determined,  we  also  note  that 


cn-12) 


(11-13) 


-S5&  «  /  ■..2„_*-l?ct«Vwjr _ r-T  (n 

mV0  Y  t2ccn/«)l  ♦  U  -  (n/w)2]2 

peak  total  force  (Pp  +  F  ) 

« _ _  _  ’max 

mass  «  poak  input  acceleration 


(11-14) 


y  y 

'mnx  'max 


relative  amplitude 
of  y  to  y 
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(This  last  relationship  follows  from  the  fact  that  Constant  Maximum  Total  force  (Or  Constant 
my  ■  Ft.)  Maximum  Acceleration) 


The  power  dissipated  by  the  damper  is 

P(t)  -  2K(<S)2  «  2Kfl26m2  cos2* 

Averaging  this  over  one  cycle 

-  -  mcn2V‘  2 

p  .  icn2s  2  -  - 5 — - - 

“  [ C2cn)z  +  (u2  -  n2)2] 


cn-is) 


<  .  £1I.WJ 

or  v  i  4  [2tr(n/u)] 

BIBa 


(11-16) 


*  "  ^o^max* 

This  expression  is  plotted  in  Figure  11-1  for  a 
range  of  values  of  C. 


or 


r  (n/u)2 _ 

[2c(nA02]  >  [l  -  (n/u)2]2 


(11-17) 


Summary  of  Equations 


Equations  (11-10),  (IM4)  and  (11-17)  tell  us 
all'  that  is  known  about  the  model's  behavior.  Each 
of  the  parameters  (maximum  spring  force  or  deflec¬ 
tion,  maximum  total  force  or  acceleration,  or  power 
absorbed)  can  be  expressed  as  a  constant  [which  is 
a  function  of  c  and  (n/w)J  multiplied  by  the  ampli¬ 
tude  of  the  input  acceleration  Y  .  These  constants 
are  cited  below  and  are  illustrutod  in  Figures  II-1-3 
They  are  of  interest  because  rido  conditions  are 
often  expressed  in  terms  of  "tolorable"  valuos  of 
Y  or  the  R.M.S.  value  of  Y. 


Figure  11*1.  Acceleration  for  constant  total  force 
(or  mass  acceleration)  as  given  by  equation 
(11-19). 


Constant  Maximum  Spring  Force  (DRT  Model) 

u2t. 


-  /(2r(n/u)]2  4  [Mn/u)2]1  (li- 


18) 


max 


Constant  Power  Absorbed 


\/r2g(n/nj))2  +  ri-(n/u)2]2 
(n/u)  /e 


(ir-20) 


This  expression  is  plotted  in  Figure  11-2  and, 
for  comparison  examples  of  each  of  these  three 
equations  are  plotted  in  Figuro  I 1-3  against  n/u 
for  a  value  of  t*  .224  which  is  representative 
of  tha  human  torso.  Their  limits  aru  shown  in  the 
table  bolow. 


Constant 

Maximum 

Spring 

Force 

Constant 

Maximum 

Total 

Force 

Constant 

Power 

Parameter 

V/u24 

0  D 

mY  /F 

BlftX 

Y0//uP/in 

Value  at 

0/u  ■  0 

i 

1 

m 

(n/u)2  for 
minimum 
value 

(1-4C2) 

/i+flC2- 1 
4BZ 

- 

Minimum 

Valuo  of  the 
Parameter 

2c 

m 

. 

Parameter 
value  at 

.  ,  2T 

n/u  ■  1 

2<f 

/  +  4E2 

2/T 

As  n/u  **  *> 

Parameter 

(n/u)2 

55  Cn/uo 

(«/“) 

It's  of  interest  to  note  that  the 
power  equation  (as  0/u  -*■  •>) 

asymptotic 

Y  w  yup/mr  (n/u) 

P  .  22 
U) 

Y02(u/n)2 

V 

*  me  — *- 

<r 

kY02 

-  -~l-  (II 

n2 

Thus,  power  Rbsorptlon  for  n  given  acceleration 
amplitude  is  loss  at  the  higher  frequencies. 
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•Figure  II- 2.  The  constant  "power  absorption" 
parameter  of  equation  (11-20]. 


Figure  INI.  The  two  vibration  tolerance 
parameters  for  r  ■  0.224. 
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